The principal biogenic organic sulfur compound entering the atmosphere is dimethyl sulfide (DMS). Global estimates of DMS release suggest that 40 to 70 Tg of DMS is lost to the atmosphere annually, and this activity therefore represents a significant fraction of the global biogeochemical sulfur cycle (15) . DMS in the atmosphere is chemically oxidized to methanesulfonic acid (MSA) and sulfur dioxide (17) . DMS is also oxidized to MSA by atmospheric NO 3 radicals in the dark, resulting in an annual global rate of formation of 20 to 50 Tg of MSA (1) . MSA is an important component of cloud condensation nuclei and may play a role in global temperature control. It is a very stable strong acid, mainly due to the strength of the C-S bond, which resists normal hydrolysis under acidic or alkaline conditions (6) . MSA is therefore deposited on the earth without further oxidation in rain and snow, thus reentering the terrestrial and marine biosphere (32) . Until recently, little was known about the route of MSA biodegradation in the environment. The use of MSA as a sulfur source by microorganisms has been noted (41, 42) ; however, the subsequent fate of the carbon released has not been investigated. Bacteria that are capable of using MSA as a methylotrophic carbon source for growth have been isolated from terrestrial, freshwater, and marine environments (4, 16, 40) . One organism, strain M2, contained an inducible oxygenolytic enzyme requiring NADH for activity. This cytoplasmic enzyme, designated MSA monooxygenase (MSAMO), has been implicated in the primary biodegradation of MSA to produce formaldehyde and inorganic sulfite by initial hydroxylation of the carbon atom prior to spontaneous cleavage of the unstable hydroxymethanesulfonic acid (12) . It has a narrow substrate specificity and is inhibited by the respiratory-chain inhibitors cyanide, azide, and carbon dioxide, which indicates that electron transfer reactions are essential for C-S bond cleavage by MSAMO. The narrow substrate range of MSAMO suggests that this enzyme cannot perform dioxygenolytic cleavage, although some oxygenases are able to perform both mono-and dioxygenation (44, 45) , depending on the nature of the substrate. The difference between monooxygenases and dioxygenases has become increasingly vague, and most of the known monooxygenases can be classified by using the scheme designed for dioxygenases (23, 30) .
MSAMO has been resolved into three fractions (initially designated A, B, and C in order of elution from ion-exchange chromatography), each of which is essential for enzyme activity. In addition to the three protein components, both Fe 2ϩ and flavin adenine dinucleotide were required for full restoration of enzyme activity (12) . This paper describes the purification to homogeneity and characterization at the biochemical and molecular levels of component C, one of the active components of this enzyme which is required for electron transfer reactions within the MSAMO enzyme complex.
MATERIALS AND METHODS

Materials.
Except where otherwise stated, all chemicals were of analytical grade and were supplied by Aldrich Chemical Co., Gillingham, Dorset, United Kingdom, or Sigma Chemical Co., Poole, Dorset, United Kingdom.
Growth of the organism and preparation of cell extracts. Methylotroph strain M2 (4) was cultivated and maintained on mineral salts medium Min E (16) containing 40 mM MSA. To provide the large amounts of biomass required for protein purification studies an MSA-limited chemostat was set up to maintain a steady-state biomass of strain M2 (16) . Cells were harvested by centrifugation (17,000 ϫ g) at 4ЊC, washed three times with 40 mM Tris-HCl buffer, pH 7.0, and finally resuspended in the same buffer. The cells were either drop-frozen in liquid nitrogen prior to storage at Ϫ70ЊC or immediately broken by two or three passages through a chilled French pressure cell at 137 MPa. Cell debris was removed by centrifugation (50,000 ϫ g) for 75 min at 4ЊC to yield cell-free extract, which was immediately used, or drop-frozen in liquid nitrogen and stored at Ϫ70ЊC.
Enzyme assays and specific activities. A modification of the spectrophotometric assay for measuring MSAMO activity was used, based on monitoring the substrate-stimulated oxidation of NADH at 340 nm (16) , where 2 nmol of FAD and 100 nmol of Fe(NH 4 ) 2 (SO 4 ) 2 were also added to the reaction mixture (1-ml final volume). Specific activities reported for component C were determined by using the spectrophotometric assay with components A and B of the multicomponent monooxygenase present in excess and are the means of at least three separate determinations. A microtiter plate assay was also used for rapid screen-ing of MSAMO activity in column fractions and of mutants. This qualitative assay was based on the detection of sulfite produced following MSA oxidation (12) . The sulfite was detected by using Ellman's reagent [5-5Ј-dithiobis(2-nitrobenzoic acid)], which produces a yellow complex on reaction with sulfite (14) . Protein concentrations were measured by the method of Lowry et al. (21) .
Purification of component C. The purification of component C was carried out by using approximately 40 liters of cells, harvested at mid-exponential growth phase, when the optical density at 540 nm of the cells was around 1.0 (corresponding to 0.25 g [dry weight] of cells per liter).
(i) Ion-exchange chromatography. Cell extract (containing approximately 10 mg of protein ⅐ ml Ϫ1 ) was applied to a prepacked Q-Sepharose HP 26/20 column (Pharmacia Biotech) equilibrated in 20 mM Tris-HCl buffer, pH 7.0, containing 50 mM NaCl (buffer A) at 4ЊC. (Tris-HCl buffer was chosen since it gave the best activity of the several conventional buffers tested.) The column was washed with 150 ml of buffer A to remove unbound proteins from the column. The bound proteins were then eluted by using a 350-ml gradient of increasing NaCl concentration (0.05 to 0.6 M) in 20 mM Tris-HCl buffer, pH 7.0. Fractions (5 ml) were then assayed for MSAMO activity by the microtiter plate assay for convenience. Fractions showing MSA-stimulated production of sulfite in this assay were then assayed by using the spectrophotometric assay. The active fractions were then pooled, drop-frozen in liquid nitrogen, and stored at Ϫ70ЊC.
(ii) Gel filtration chromatography. The pooled active component C was concentrated by ultrafiltration (YM3 membrane; Amicon). Concentrated protein (3 ml at 20.25 mg ⅐ ml Ϫ1 ) was then loaded onto a prepacked Superdex 75 26/60 column (Pharmacia Biotech) equilibrated with buffer A at 4ЊC. Proteins were then eluted from the column with buffer A at 2 ml/min. Fractions (4 ml) were assayed for MSAMO activity by using the two procedures described above. Active fractions were pooled, drop-frozen in liquid nitrogen, and stored at Ϫ70ЊC.
(iii) Ion-exchange chromatography. Component C (0.6 mg ⅐ ml Ϫ1 ) was applied to a prepacked MonoQ HR 5/5 column (Pharmacia Biotech) equilibrated with buffer A at room temperature. The column was washed with 20 ml of buffer A, and bound proteins were eluted by using a 50-ml gradient of increasing NaCl concentration (0.05 to 0.40 M) in 20 mM Tris-HCl buffer, pH 7.0. Fractions (2 ml) were assayed for MSAMO activity by the microtiter plate assay. Fractions with the ability to produce inorganic sulfite from the oxidation of MSA were assayed by using the spectrophotometric assay to quantify enzyme activity. The active fractions were pooled, drop-frozen in liquid nitrogen, and stored at Ϫ70ЊC.
Determination of molecular mass. (i) Dissociated polypeptide. Subunit molecular mass of the pure component C was estimated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions with 12% (wt/vol) acrylamide gels according to the method of Laemmli (19) . Proteins standards used were phosphorylase b (94,000 Da), albumin (67,000 Da), ovalbumin (43,000 Da), carbonic anhydrase (30,000 Da), trypsin inhibitor (20,100 Da), and ␣-lactalbumin (14,400 Da), all obtained from Pharmacia Biotech.
Electron spray mass spectroscopy was also carried out on purified component C to confirm the relative molecular mass of polypeptide subunits.
(ii) Native polypeptide. The native molecular mass of the pure enzyme was estimated by gel filtration chromatography on a prepacked Superose 12 10/30 column (Pharmacia Biotech) equilibrated in buffer A. Standards used were sweet potato ␤-amylase (200,000 Da), yeast alcohol dehydrogenase (150,000 Da), bovine serum albumin (66,000 Da), bovine erythrocyte carbonic anhydrase (29,000 Da), and horse heart cytochrome c (12,400 Da), all obtained from Sigma Chemical Company.
Determination of isoelectric point. The isoelectric point (pI) of purified component C was determined by using precast acrylamide gels with a pH range of 3 to 7 (Novex, San Diego, Calif.), as described by the manufacturer. Standards used were human erythrocyte carbonic anhydrase I (pI 6.6), bovine erythrocyte carbonic anhydrase (pI 5.9), bovine milk ␤-lactoglobulin A (pI 5.1), soya bean trypsin inhibitor (pI 4.6), Aspergillus niger glucose oxidase (pI 4.2), and A. niger amyloglucosidase (pI 3.6), all obtained from Sigma Chemical Company.
N-terminal sequencing. Sequencing was carried out by the modified method of Matsudaira (24) by initially running purified component C on an SDS-PAGE gel containing 12% (wt/vol) acrylamide. The gel was sandwiched between a sheet of polyvinylidene difluoride membrane and several sheets of blotting paper and was assembled into a Western blotting apparatus (International Biotechnologies Inc., New Haven, Conn.) and electroeluted for 2.5 h at 250 mA in transfer buffer. Sequence analysis was carried out by Edman degradation at Southampton Protein Sequencing Facility (Department of Biochemistry, Southampton University, Southampton, United Kingdom).
Absorption spectrum of component C. The absorption spectrum between 250 and 700 nm of purified component C (0.6 mg ⅐ ml Ϫ1 ) was measured in a 1-cm 3 quartz cuvette in a Beckman DU-70 spectrophotometer (Hewlett-Packard, Stockport, United Kingdom). The cuvette was made anaerobic by flushing with argon for 30 min. Component C was reduced by addition of 10 l of buffer with 100 nmol of sodium dithionite, at which point the absorption spectrum from 250 to 700 nm was measured. Quantitation of iron and sulfur. The iron content of purified component C (0.6 mg ⅐ ml Ϫ1 ) was determined by using a Varian AA-1275 series atomic absorption spectrophotometer. Standard solutions of FeSO 4 were used for calibration of the spectrophotometer. The amount of acid-labile sulfur present in the purified protein was determined as described by Beinert (5) .
DNA extraction. Genomic DNA was extracted from cells of strain M2 by the use of the lysozyme-Sarkosyl lysis-CsCl method as described previously (28) . Preparations of recombinant plasmid DNA from Escherichia coli were obtained by the method described in reference 34.
DNA cloning. Genomic DNA from strain M2 was digested by using restriction enzymes provided by Bethesda Research Laboratories (BRL) according to the manufacturer's instructions. SphI-digested pUC19 DNA was treated with calf intestine alkaline phosphatase (Boehringer Mannheim). Size-fractionated genomic DNA from strain M2 was obtained by electroelution of SphI-digested DNA fragments of the desired size range, purification by treatment with phenolchloroform-isoamyl alcohol (25:24:1), and precipitation with ethanol. Ligation to pUC19 DNA, treated as described above, was performed by using ligase (BRL). Competent cells of E. coli INV␣FЈ (Invitrogen Corporation) were used as recipients for transformation with the ligation mixtures. White Ap r colonies were picked and replicated onto nylon membranes (Hybond-N; Amersham). After growth of the colonies, cells were lysed in situ as described in reference 33. The DNA was fixed by exposure to UV light in a UV Stratalinker 2400 (Stratagene). Custom-made oligonucleotide 9R (Table 1) was used as a probe in the following way: 100 pmol of 9R was labelled by using 1.85 MBq (50 Ci) of [␣-32 P]ATP (specific activity, 259 TBq/mmol at a concentration of 0.74 MBq/l; Amersham) and T4 kinase (BRL). Filters containing 2,600 recombinant clones from the experiment described above were prehybridized and hybridized in a Hybaid oven (Mini 10). Final washes were performed at increasing temperatures (58 to 65ЊC) in 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (33) .
DNA sequencing and sequence analysis. Purified plasmid DNA was used as a template in sequencing experiments. Synthetic custom-made oligonucleotides were employed ( Table 1 ). The Taq DyeDeoxy terminator cycle sequencing kit and a model 373A DNA sequencing system gel apparatus (both manufactured by Applied Biosystems) were used according to the manufacturer's instructions. Analyses of DNA sequences were performed with the Genetics Computer Group 
gov).
Protein sequence comparisons. Protein sequences were aligned by using the program PILEUP (Genetics Computer Group), and the alignments were edited manually. Comparisons based on the alignments and the resulting trees were produced by using the programs SEQBOOT, PROTPARS, PROTDIST, FITCH, NEIGHBOR, and CONSENSE contained in the PHYLIP phylogenetic inference package, version 3.572c, by Felsenstein (10) .
RESULTS
Purification of component C. When soluble proteins in crude cell extracts were separated by anion-exchange chromatography, no single fraction was active. Activity, as measured by MSA-stimulated production of sulfite in the microtiter plate assay, was restored by mixing three distinct protein fractions, designated A (200 mM), B (300 mM), and C (440 mM) with respect to their elution from the column. A summary of the purification procedure is shown in Table 2 . Homogeneous component C was obtained in three steps, anion exchange, gel filtration, and anion exchange, resulting in a 74-fold purification and a recovery of 5% of the protein.
Physical properties of component C. The M r of native component C as determined by gel filtration was approximately 32,000 (data not shown). Under denaturing conditions on an SDS-PAGE gel an M r of approximately 16,600 was observed (data not shown). We presume that under native conditions component C is dimeric, with two subunits of identical size. The relative molecular mass of component C as determined by electron spray mass spectroscopy was 13,752.42 Ϯ 6.88 Da (mean Ϯ standard deviation), the data obtained confirming the homogeneous nature of component C. The isoelectric point of component C was 3.9, as determined by isoelectric focusing (data not shown). The absorption spectrum of the purified protein showed maxima at 552 (shoulder), 456, and 326 nm (Fig. 1) . When the protein was reduced by trace amounts of sodium dithionite, a loss of absorption at 552 and 456 nm was observed and new maxima appeared at 518 and 374 (shoulder) nm. These characteristics are similar to those of proteins which are known or believed to contain Rieske [2Fe-2S] centers (18, 20, 31) . Measurement of the iron content as 2.09 atoms and of the labile sulfur content as 1.93 atoms per polypeptide subunit suggested that the protein possessed a [2Fe-2S] center.
Cloning of the gene encoding protein C. The N-terminal sequence obtained by Edman degradation of purified protein C was as follows: SWTYLXDAADVAPNSLKLVDANDIRVVVA NYGXGFRAI. X indicates a questionable identification. One unique sequence was obtained, indicating the likelihood that only one polypeptide was present.
The GϩC content of the DNA from strain M2 had been determined as 61% (16) . The GϩC content values of the DNA from Methylosinus trichosporium OB3b and Methylococcus capsulatus (Bath) (63.8 and 62.9%, respectively) were known to be very close to that of strain M2. Therefore, the codon usage found in the soluble methane monooxygenase gene clusters of these two organisms (26) was used to design oligonucleotide 9R on the basis of the N-terminal sequence of protein C. Southern blots of DNA from strain M2 restricted with several endonucleases were used in hybridization experiments with end-labelled oligonucleotide 9R used as a probe. Among others, a SphI band in the 4.5-kbp size region hybridized to oligonucleotide 9R. Recombinant clones (2,600) were obtained by ligating SphI-cut DNA between 3.5 and 9.5 kbp in size to SphI-cut pUC19. The screening led to the isolation of a clone containing a recombinant plasmid with a ca. 6.5-kbp insert. The gene encoding protein C, msmC, located near the center of the cloned SphI fragment, was sequenced on both strands by using both oligonucleotide 9R and other custom-made primers ( Table 1 ). The derived sequence of MsmC obtained is shown in Fig. 2 . Partial sequencing data have shown that this SphI chromosomal fragment from strain M2 also carries the genes for the other components of the enzyme MSAMO, possibly organized in an operon.
Characteristics of the predicted protein C. The predicted amino acid sequence of protein C, as deduced from the DNA sequence, is shown in Fig. 2 . This sequence coincides perfectly with the N terminus of protein C obtained by Edman degradation. Residues 41, 43, 61, and 64 are the typical cysteines and histidines (organized as CXHX [16] [17] CXXH) that bind the [2Fe-2S] centers of Rieske-type proteins (22, 27) . The predicted polypeptide, MsmC, is 122 amino acids long, with a calculated M r of 13,748 and a calculated pI of 3.97. These data compare extremely well with the experimental mass of 13,752.42 Ϯ 6.88 Da obtained by ion-spray mass chromatography and the pI of 3.9 measured by isoelectric focusing.
Comparisons with other Rieske-type ferredoxins. The full predicted sequence of MsmC was used in a homology search by using the BLAST algorithm and the data banks available from the National Institutes of Health. Most of the top-scoring homologs found were ferredoxin components of mono-or dioxygenase enzymes; one was the ferredoxin component belonging to Bacillus subtilis nitrite reductase (NirD). The sequences of all the Rieske-type ferredoxins that could be retrieved from the data banks were aligned with predicted MsmC (Fig. 2) . It was noted that MsmC is the longest of the group, with a C terminus extending 12 to 22 amino acids beyond the other examples. The alignment of Fig. 2 was edited, eliminating columns 1 to 6 and 111 to 132 in order to include only the region common to all the sequences selected and produce a square alignment. Two types of data set were used: the first suppressed the columns containing internal gaps; the second maintained them. These two alignments were analyzed by the maximum parsimony, neighbor-joining, or Fitch-Margoliash algorithm. In all cases 100 resampling iterations were performed by using the bootstrap option. Figure 3 shows the tree obtained by maximum parsimony analysis (alignments inclusive of the internal gaps). The trees obtained by other methods were very similar to the one shown. The only variants recorded were NirD clustering sometimes with MsmC, TbuB and TmoC (ferredoxin components of toluene 3-monooxygenase and toluene 4-monooxygenase, respectively), and the two BphA3 (biphenyl dioxygenase ferredoxin component) sequences from a Rhodococcus sp. and Rhodococcus globerulus that do not form a cluster but result on separate nested branches (reflecting the low bootstrap value, 46%, of this group in the tree shown). All the phylogenetic trees obtained, by all methods, showed the clustering of BnzC, TodB, BedB, and TcbAc together on a solid (bootstrap values between 98 and 100%) separate branch. In all the phylogenetic trees obtained, the ferredoxins of monooxygenases (TbuB, TmoC, and MsmC) clustered together.
DISCUSSION
The purification protocol employed led to the purification of component C to homogeneity. Although protein yield was low (around 5%) the amount obtained was sufficient for full characterization of the protein. The low recovery was due mainly to the loss of activity in the initial step. The 74-fold purification and the recovery of 5% of the protein suggested that component C constitutes around 1.5% of the protein in cell extracts. Assays for multicomponent oxygenases in crude cell extracts are often misleading because of a nonlinear response to protein concentration (3) due to a lack of reductase (20) , suggesting that the specific activity in cell extract is not truly representative. Indeed, there are instances in which purification data are presented only after initial separation of components of oxygenase enzymes (36, 37) . Data presented may therefore overestimate the loss of enzyme activity and also underestimate the percentage of cell protein attributable to component C.
Characterization of component C revealed that it consisted of a single subunit with a relative molecular mass of approximately 16,600 Da by SDS-PAGE analysis, 13,752 by electron spray mass spectroscopy, and 13,748 by sequence data analysis. These results suggest that there is a greater-than-usual error in the SDS-PAGE analysis; this may be due to tight covalent binding of the [2Fe-2S] center to the protein, impeding denaturation, and to binding of SDS to the protein. The native molecular mass of the protein as determined by gel filtration was approximately 32,000 Da; therefore, the possibility that component C is dimeric exists. Interestingly, the (small electron transfer protein) ferredoxin of toluene-4-monooxygenase shows similar characteristics (46) .
The predicted sequence of MsmC was obtained by cloning a fragment of chromosome from strain M2 and by sequencing the relevant gene. msmC appears to be one element of an operon that codes for all the components of MSAMO. The sequence predicted for MsmC showed a motif typical of proteins possessing a Rieske-type [2Fe-2S] center.
Oxygenases can be classified into two main groups: (i) monooxygenases, which incorporate one atom of molecular oxygen into one molecule of substrate while the other atom is reduced to water, and (ii) dioxygenases, which add both atoms of oxygen into the substrate (23) . Previous studies of the biodegradation of MSA have implicated a monooxygenase enzyme in the cleavage of the C-S bond by insertion of a hydroxyl group at the carbon to produce an unstable intermediate, hydroxymethanesulfonic acid, which spontaneously decomposes to form formaldehyde and inorganic sulfite (16) . Characterization of component C of this three-component monooxygenase shows that it is a small electron transfer protein containing a Rieske [2Fe-2S] center. Examination of the literature reveals that few monooxygenase enzymes which have such an electron transfer protein have been isolated (7, 46) . Further studies of the active components of the MSAMO complex have revealed that component A is a monomeric polypeptide with a molecular mass of around 38 kDa and is capable of reducing a number of electron acceptors in the presence of NADH, suggesting that it is the putative reductase component of MSAMO. Component B is a protein of around 200 kDa that resolves into two major polypeptides of approximately 70 and 25 kDa under the denaturing conditions of SDS-PAGE, suggesting an ␣ 2 ␤ 2 structure. The multimeric nature of this protein and the identification of specific roles for components A and C would suggest that component B is putative hydroxylase component of MSAMO.
Most monooxygenase possess either ferredoxins with planttype [2Fe-2S] centers or no free ferredoxin component. MsmC was compared to 15 other Rieske-type ferredoxins by using various algorithms, and in all cases it was most similar to TbuB and TmoC. Toluene-3-monooxygenase of Pseudomonas pickettii (Tbu) (7) and toluene-4-monooxygenase of Pseudomonas mendocina (Tmo) (46) belong, together with soluble methane monooxygenase, to a particular group of oxygenases characterized by hydroxylases containing binuclear iron centers held together by -oxo bridges, where molecular oxygen is bound and activated. From preliminary sequence data (7a), MSAMO hydroxylase appears to belong to the more common type containing Rieske-type clusters and mononuclear Fe centers. Thus, despite the common monooxygenase function, MSAMO hydroxylase is structurally unrelated to TbuA and TmoAE. This contrasts with the high level of relatedness found between the respective ferredoxin components.
